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This report describes experimental and analytica l investigati on s in the

area of wear of materials under repetitive compound impact. A reciprocating

apparatus which provides controlled , repeata b le , measureable impulsive

loads between specimen and counterface has been emp l oyed in wear testing.

Specimen materials in previous experimentation include polymers , compos i tes,

and severa l alloys . That reported herein focusses upon titanium alloys ,

metalHc composi tes, and copper-chromi um alloys . The formation of subsurface

zones occurring in impact wear appears to be significant. Correlations be-

tween subsurface strain gradients and wear have been demonstrated. These

subsurface p lastic deformations are dependent upon macroscopic ‘sol i d

contact ” condit ions imposed during impact. Temperatures occasioned at

and near the wear interface are shown ~oc a llv to reach l evels of 800°C for

test cond itions explored . Void and crack formation in the substrate is

occa cionall~ observed , but not nearly to the extent reported for materia ls

under condit ions of slid ing wear.

Ana l ytical i nvestigations are d rected toward determination of the

states of st ress In materia l specimens undergoing controlled repetitive

Impact. Results are derived from the equations of the linear theory of

elasticity appli ed to a finite cylinder Impacting a rough , rig id surface.

Pap I.ovlch-Neube r functions are used to solve the static problem and 1am~

pot entials - to solve the dynamic problem . Correlation between subsurface

-. stress and wear debris formation is sought. 

-~~~~~~~~~~~~~~ 

‘a



— — ---_ ‘~~~~~~~~~~~~~.•• .- — - 

- — — -— — _ W,_ ’at- sa.S-~~ *,—.n-~- —

E~j~ runenta 1

As noted previous ly in Interim Reports , a wide range of materials

of technological si gnificance has been studied [1 ,2]. In th is work ,

ex per imental Inve s ti gations are directed toward elucidating processes

or mechan i sms by which materials wear under conditions of repetitive

i mpulsive loading . The research has thus far confirmed the signifi cance

of gross external variables (peak stress levels , relative sliding velocities),

and it has demonstrated that microstructura l and chemomechanical factors

are at least as important as macroscopic material properties such as

hardness (with in the range of test parameters explored).

The format to be f o l lowed  hen~in is that sal ient experimental results

w i l l  be sumarized by spa ’ctmen material category , It should be noted that

test inq has been standard ized so tha t , to date , a ll specimens have been

repetitive l y impacted 1 l nns t a 11-4 P11 , t a - ’ l  counterface . Follow ing this

explication by mater ial cateqorv , ~~~~~~~~~~ and important different iating

factors wil l be noted . This then leads statement of current states

- 
of unde rstanding and directions for extenie d near-te rm experimental invest i ga-

a- t ions .

A . Titanium Allo ys

Three allo y s have been tested against the standard 17-4 PH stainless

[ steel counterface . These are : (1) IMI-685 , an alloy having good creep

- 

resistance at high temperature , and consisting of a predominantly alpha

- phase microstructure ; ( 2 )  1~41-5522S , an alloy tested in a condition of hi gh strength

and good duct ility but poor creep resistance, and a lso cons i s ti ng o f a pre-
a- dominantly alpha phase microstructur e , but differing considerably from the

IMI 685 in morphology ; and (3) ~4I-beta , a non-comercial alloy consisting

r

I

L u  
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of essen tia l l y all beta phase. Composition , heat treatment prior to

wear testing, and supplier data are presented in [3].

For each alloy tested , the relative transverse sliding velocity was

varied at least over the range 2.1 to 6.3 rn/s and wei ght loss measurements

performed. Some of these data are shown in Fi gure 1 , which summarizes

results from tests in wh ich the nominal peak norma l impulsive stress and

test duration are fixed at 18.6 MPa and 150 ,000 repeated compound impulsive

load cycles respective ly. F rom the figure it is apparent that the two

predominantl y alpha phase alloys behave similarly, but the beta alloy gi ves

rise to signif i cantly different wear behavior. Fur ther , this difference

is not in the wear of the beta alloy (titanium test specimen), but rathe r

in the cowi rface (17-4 P11 steel). This demonstrates the importance of

monitor ing s~ stoir chanqes in experimental wear studies .

The -~e’cond s~qnifi c an t feature depicted in Fi qure 1 is a marked

velocit y dependence. In this , al l three alloys appear to exhibit the

same behavior , w it h  the beta all oy ~~ving rise to more extreme variations.

In Short , there appears to px ist a minimum in the velocity range near

4.2 rn/s, To determin” whethe r or not such a minimum exists for other

test durations , additional experiments were conduc ted. Figure 2 dep i cts

results obtained for totals of 50,000 and 1 ,000,000 repeated load cycles.

These data show a clear maximum at the 2.1 rn/ s velocity for both specimen

and counterface .

j The above results led to further anal ysi s and testing. Figure 3

presents results from an experiment designed to explore the feasibility

of in s i t u  sur face improvement by v i r t u e  of repetitive contact under

specified conditions. Detailed methodology Is presented In (3]; here ,

_ 

Ii 
_ _ _  _  

_ _
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it suffices to note that the objective was to conduct a test at hi gh

relative sl iding velocity (10.5 m/s) to attemp t to “stabilize ” the near

surface material zones which form during repetitive hi gh speed contact.

Such potential for stabilization can be inferred from Figure 2 in which

less wear was observed at high slidi n g velocity. Un fortunately, the

“stabilization ” process appears to have been unsuccessful for the

conditions explored, in that when a specimen/counterface pair which had

been ‘run-in ’~ at 10,5 rn/s was subsequentl y tested at 2.1 m/S, the

characteristicall y hi gher wear rate of the lowe r velocity was again observed.

To analyze specific phenomena (such as the velocity dependencies

noted above), a variety of procedures are ut ilized. These include surface

and subs~irface exam ination via light and scanning electron microscopy , as

well as element mapping by means of energy dispe rsive X-ray techniques .

A typical LOX result for the RMI beta alloy s shown in Figure 4 and the

data are suggestive of processes q ivi nq rise to velocity dependent wear

rates. The general observation is that a varying degree of material is

transferred from spe ci~~n to counterface . an d vice versa. Indeed , both

the extent and dire t i o n of material transport depend upon the magnitude

of the relative transve rse sliding velocity occurring during the impact

event. Such results can be quantified for purposes of explication . A

typical set of curves Is shown in Figure 5.

Representative micrographs are include d as Fi gures 6 - 11 . Figure s 6

and 7 show subsurface sections of worn I~I1 5522S specimens. Both fi gures

r 
indicate the character istic formation of subsurface zones as documented

t a  in earlier research reports (2,4]. It Is clear that near-surface zones

[j of fundamentally different microstructure are produced in situ , with

a Fi gure 6 revealIng that such l ayer formation can occur following as few

~

I
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- as 250 repeated load cyc les. As Figure 7 indicates , both near-surface
- 

l ayer morpho l ogy and the exten t of subsurface deformation are altered

with increasing number of load cycles .

F igures 8 and 9 are indicative of surface features following wear

of the p air RH! 5522S titanium alloy specimen against 17-4 PH stainless

steel counterface. Fi gure 8 shows the specimen ; plowing grooves and

l ame llar wear sheets are clearly defined. Figure 9 shows the counterface ,

and the deposit of transferred material (with a characteristicall y layered

F morphology) over a previousl y plowed area . Note both FI gures 8 and 9

illustrate worn surface appearance from a material pair tested at 2.1 rn/s.

The worn surfaces produced from experiments conducted at 4.2 rn/s are

dec i dedly different , as can be seen in Fi gures 10 and 11 , showing specimen

F and counterface respectively. The differen ce between the worn surfaces

produced at the two velocity levels underlines the significance of the

comb i ned effects of gross external var iab les (stress , ve l oc i ty ) and c hemo-

mechanical material processing which occurs in situ. From observation of

ox i de f i l r~ fonnation with variatio n in color from bri ght blue to straw

yellow , surface temperatures during test ing are estimated to have reached

roucihl y 80O~C.

Further results on work with titanium alloys are reported in (5). In

th i c , one of the primary findings is tha t microstructural refinement which

may not be resolvable by scanning electron microscopy is observable by

means of transmission electron microscopy ut i1 i~ inq replicas from subsurface

sections. A second si gnificant finding is that near-surface material zones

(f produced in repetitive impact wear remain in the crystal line state , as deter-

mined by TEN studies of near surface foils. This finding is In agreement with the

.

~~~~ 
:;
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of others [b ,7]  who hav e ’  studied near surface mater ial  zones I)roduced

unde r cond itions of sliding (no iiiipact) wear.

B. In Si tu Composites

Testing has been conducted on several metal lic compos i tes produced

by con t rolled sol idif i cat i on of eutectic alloys . These materials are

characterited by  ali gned interpenetratin g phases , and possess excellent

strength at elevated t*’i’,peratures and good resistance to creep.

At present , an experimental invest i gation on cobalt base directional

~~1lposit es has been (~~u~ 1eted (8] and result’; are outlined herein . Two
-~ iç h mat~ r i ~ ls , h th f~’a tur l  iiq rather bri t t l e  Ta C fibe rs contained wi th in

~-(“~‘ , j r , i t I  -., ‘lv 1u ti l~’ supp irt ,natri~ ‘‘s ( Co —Ui  or Co— N i—Cr), have been

ii11!~-;t the ~t t n dira1 17—4 p~ 4 st i ’~’l _ -un ter f ace .

- is well known , fib er vl enta t l n is an important parame ter not

i~~ t e i -
~”c ‘ st ren~~t h  but i lso ~~‘ tennis of wear [9 ,10 ,11 ). Ai cordinql y

two tnb .’ r o r ien t i t i . 1 ’ -- - w e r e  it i i  ized I f l  1 14 ) i (  t wear testing, as

desc r i t - .H in F i:~ur.’ 12. Sin’i ’ wpi Tht loss data are presented in Figur e 13

where re su lt - ~iav i’ be~’n ob~ ui ned for  t e- t durations nf 150 ,000 repetitive

load , l ’ s  -~~~ a t i .e~ l ’ v e l ef riçimi nal pe i l  norma l in~ u1~ i ye stress (18.6 MPa).

b c  i t y  1~’~~’nd’nce is evid ent f r na r~ these data , but the effect of fibe r

orle ntat i-in is seen ~~~~ he neg l i q i bbe .

H ~~~‘ “  14 , however , dep icts results for test durations beyond 150,000

I - p l  ( y a  icc . Wh i b e c o ’ i nt r r f n~ ~ (17—4 NI steel) wear i ‘~ insensi t ive to

exte nded load ~y ’ lirig, the f iber orientat ion effect upon specime n wear is

clea rl y siqni fi caflt. The reason for the increased wear resistance of the

Mode 1 cnn fnqu r atio n is probably ~dentica1 to that proposed for impact

wear of graph i te epoxy composites (9].

~~~~ ~±1 1 
-

~~~ 
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As w i t h  t he titanium alloys , m icroscopy and ~~ray studies were

performed with the n i et alli c compos i tes . F i gure 15 s urwina rizes sv~ie

energy dispersive X-ray analysis results to allow interpretation of

.a t t ’ r n a i  transport. These results can then be utilized in concert

A~ tPi surface and ub- urH~~e ( S t - . t ions through specime n and count e rf ace)

m)cros (o~)J t e  al low ins i ghts into ne ji-surface layer forma tion , arid

ultimatel y to wear p a ’tn c k ’ formation mechanisms .

Ii ‘n~ re 16. for e .aii~~le, ~ho w’; -~ s ubs urfa n e t ion f rom a Cotac

specimen. Or~~ no tes  t h e  th ’ - n’* char i ~ te r  i st  1 c :unt ’c di cus sed earl icr

[2). i . - . , :ue# ’ i t  1is ~~’ t ed sut - trate ; zun *- 2 - .t’ .ervably p l a s t i c a l ly

- j e l o ,ned i ’~~er’t’dn I t i -  ‘ ,,er ; and :~~ni 3 morpholog i c a l ly and r~-st al bo —

i ~ 11 y di st i ‘i~ 
• nea r— cu r t - R e I t - i e v  . n h the ~!u ta Iii c composi te , the

tv- itt !.’ ~a- ~nber s in t . ’  - ,et ni to  n~~t ’ ~ v - i ‘~ ‘ed into !ir ’ .’ s c i v e l

‘ ine r l .-n - .tb s .  and i~~t ’ t~ ,;‘~~‘ ‘ vi v v - t s i n ~~l “nrc a l ign ed w i th  the

s i n  ji ng -ji rec t l u?  nc  he wear inter f ace is i t ’ t r~t~ hod

Th en ’ ic  ~ ‘,tr r i  c i i ; -  stion ut a cr~~. I o’ -icks tending t o  separate

/one 3 ‘ roni ~
‘nn~’ 2.  ~hu.  • a wear sheet of ,n .iv i v e lv  r microns t hic kness

co u ld t - ”  in -~ st  it ’  - i~ pi’nding dcl aminu inn - I t is fun damental l y si qni Ii cant

however . t n n t  /o~’” 3 - i ’ d  ‘n’ ” 2 are d~ f f e ren t  ma te r ia l s .  w i t~ Zone 3

Piav in’~ bt ’eni prod~ e l  in ~~i t ; .

C. ~ p pr ’ y All oy s

Fo1bo w in ~ the wnr~ of Pamn e s-T eixei ra , ~ a - i and Sub (12), a series of

testc w-is conducted t o  assess the efft ’ t of solute atoms on impact wear .

Two copper -chromium allo y s were supplied from this research group , and

were invest igated under conditions of compound impact wear. The atomic

- u  .
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—
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~. Cr in t he t~ - a I boys is ,uuqt 1 ~ 0. 5H t f i ( l  0.81 , w i ’ h  the f o r . ,  i - ’ i  tra —

t i on q i i nq ‘ i so o I es ’ s sot ’, t t ~ t i ona 1 sol n d solutio n n z i rig w i th ~ wIct ’duent

1 e s - - .r hardness. I t hu u 1 d be noted , howe v o n , t hat the

measur ab le e r t , t a t  ,itL ic Co?~~entr t non on hai 1nt’~-s ‘on these two a l loys

is e~~t ne ’ti el y •m , l l.

~~~~~~~~ c - ;  i~u - - condu tv- I a~ a v i i i ’ ’ t - i  u ’ , v ’ b a t i v e  ra ncv t ’ , -se c b i d i n q

,‘- l o c n t i v - , j i ~~ rh ’-~ nil ~ o - t ,  ‘i - ~M-~t l iir ~-u lc i- ,, s’ ress lv ’ , v l s .  viz . V 0.5

an 2. 1 m • s; ‘ 3.7 . ‘ .~~ •in’l 11 .? ‘ a. In gene ral. wear nn~~rv ’ u ’ .v d  w i t h

i’;c’- .~
,
~ i t -  t v , - - - , , ,i ’ i l mO’ -e wv’in ()c ~~n,pd it t h~ lowe ,- test velcH n~~ t~ av

-it t~ • ‘ h i ;~o-r  ‘ n a l l  ‘.‘te ’,-, 1. - -.o-bs . Tes t t~ , i ’ 1 n  w aS t , ’, i c a l l - v  250. -)0

i - n j , - li’s w i  ‘ ‘ ~~‘ i ;‘ loss data p-i ‘— t - ‘ ,~ n a t  i n te rva ls

‘ 50. 000 - , 1 .I’c. -
~~~~ 5 i ’n i’ i~~ ’~t d~ ’’  v ’ - r  I t ’, .~~’ i ’  c t ’  -~ - n ve& j  t e t ~ ,’,-ni the

- 
-~ C’- 1 1 ) ) ,  5 .

A p ni -~ r i h id ¶ ‘ i . ’ ’  i .d • 0 ‘ i t  i ii ~~i’ ~t a - i ’ t t n  .e - it  -~i loqraph i c

;— ,j ed c ’ t ’ ’ . t o  -~~ ‘- - , - t  . -  . ‘ a’’d c - n -  c ontent ‘o Il  ~w 1 n i  l~~~- a i  t we a n . ~oweve r .

n~ ‘ . i t ~~ ’ . ’  n~ ‘ . 1 5  t , ~ - ’ -  ( O l i l l  be t ’ ~-~~1 , t - I t  w i t ’  .it ho n t o t -  i i: ’ t or scanni no

‘ i t o tron “ i l !  1)5 - ) p • . , ) , e t ’ l o b e - - -,. ‘- “t w a s  fl fl S i Itt ’n ,l~ l t~ e~ iden e of

, -~ t c - , r ‘~~~i~~~ p 1~ c’ ’~ -
.‘~ on~:;,l I1- , ?; , ~ - ‘ c ’  d i d  ; o - ’ ’ -  ~t - ,~t n ’ a t i ~~~ aSc(-~-~~

- -~ -fl t

- ‘ th is ‘ .- a • , ~- ~~~‘- i c” ~s • ~nr ,mp a~ t w ,’~~ n jn t .- ,  the t e c  t conditions e~p ~ored

a -ir r- -- .,-. p~’ ’ - . ,i’- n • ‘‘ c ha ract p n is  t i c  than 15 t h e  !-n (’cenr ,~ c~f subs - i’  ac e

v oids a~~I - n -  • s . io a ’ , i r , - ’ v - ? ’ t of p l ast i c de~~ r-- -~’ion was accompl ished

h~ no ’ i’~ ; dis~- i a t ” w ’ n ’ -
~~~‘ ‘, , t ’ c - ~ r ’~~ r -  i - - ’ t i c i ’ - - - ‘- v-l at , ,c to the ,,i -i 4 fv ’ t , l

(~
‘iinø I) base --i  c v , !r uct  n” . ‘ e n s  i nv n Iv ~ d a procedu nt ’ w he rc’ t ’v  ~- I  ?~

m l  c t ) -~r,i;i’ ’ . wv’rp talen -it ‘~~~~i’ same maqn i I - - 1 t inn ov”n (be care relative

• a re a  on “-i~~n S PV ( i  -“e n . These m i~ rographs were enlarged t o  l Oxl3 ’ prints

h 
over w v r c h  a grid was ~-i,iced t o  facilitate measurement. Data points were

1I11___--— -
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established from the wear surface to a depth of approximately 60 microns

in  8-10 micron steps. Since measurements of this type are necessari ly

somewhat subjective , a m in imum of three areas on each photo was taken and

points were co-plotted . From these data , the “best fit ” curve was estab-

lished. All such measurements were made from specimen cross-sections at

the geometrical center of the section . Thus , leading and trailing edge

effects are eli m inated [ i n  genera l , the depth of plastic deformation is

mi ni rnu rl at the leadin q edge and increases rather linearl y toward the trailing

edge , where contact ceases and often a severely plasticall y deformed “wear

1 i p ’ is lt lce v v t ’ d  ]

Detai led elaho ra t non of procedures and results is presented in [13] .

~or the present, i t  s u f f i c e s  to not, the f o l l ow ing .  Figure 17 is representa-

t ive o’ su rface rs~n:~eo 1ciq -, .ittd is typical of results obtained with other

m etalli c r--,at e . i t l ç  iqu n t ’ l i~ show s representat ive subsurface features; as

noted ;r v - .toucl ,- , ?h r.-n’ ( a t  most ) characterist ic zones can be identified .

Hqure 19 . obta ined following metil -Jl n’is pol ishing and etching procedures,

reveals some of the micro structura l features of Zone 3, which are normall y

dif fi cult to resolve w ith liqht or scanning electron rricroscopy. The continuum

o’ qra’n refinenien’ fr” Zone 2 into Zone 3 is evident. No void or crack

c n rriation is observed; if these exist , they are below the resolution of the

F M . v i z .  ~~-

Fl-pi nes 20 and 21 are illustrative of localized layering phenomena

wti n ti occur as a rosult nf material transport (transfer) during in situ

formation of near-surface materi al ct.ruc tures (Zones). Fi gure 20 is a sub-

surface SEM micrograph , and Figure 21 is the correspond i ng FOX element map

• •  of chromium rich areas. In this case , the specimen Is Cu 0.58 Cr and

the standard counterface is 17-4 PH stainless steel (Ie-l7cr-4N1-4Cu). The

steel is richer in  chrom i um than Is the copper alloy , and Figure s 20 and 21

-
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indicate not onl y the surface l ayer (on the Cu-Cr specimen) but also a

subsurface layer (in the Cu-Cr specimen ) to consist of predominantl y counter-

face mater ial. This result indicates the si gnif icance of in situ material

transfer in modifying mater ials in the wear interface and into the near

surface zones. In addition , it should be noted that all qualitative

observations made for material transport in wear of the Cu-Cr alloys corres-

pond directly to the quantitat ive anal yses performed for Ti alloys.

Fi gures 2? and 23 show preli m inary results on subsurface deformation

gradients ‘on the Cu 0.5~3 Cr alloy following 250,000 repetitive load cycles.

Both velocity and stress dependencies are clear , and correspond to results

noted earl i er bisi’d upon weight loss measurements. In sum , at lower rela-

tive tran sverse sli din g vel v oi t y , there is greater plastic deformation at

a g iven dep ’h f rnr~ the corfa e than at hi gher veloc i ty. The reason for this

i5 tt’ - i -~ht to be 1-i ” to ~iiwer frictional tra cti v e force transmission in

thermal l y softened zones , with higher temperatures having been occasioned

at the higher relat iv e sliding veloc ities.

The second finding of sign i fic am e as evidenced in Figures 22 and 23

is that as stress leve ls are increased , there is greater plastic deformation

at a give n depth fronii (he surface than at l ower stress levels. Th is  result

is stra ightforwardl y rationalized in te rv is of larger f r ic t iona l  t rac t ive

fo rces being oc- asioned with hi gher levels of imposed nom inal impu lsive

stress.

I:
Ii

I

:t~II IJtI i
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Sununarj of lxpe r i cite a t ul 
- 
Re c u I t s

As noted previousl y [2], the tormation ~ f subsurface zones occurr ing

in impact wear appears ti be si gnif i cant. The presen t work has demonstrated

~orrelat ions between sut-’curf ace strain grad ients and wear. Further , t hese

subsurface strain qr a dnevv t s are seen to be dependent upon the macroscopica lly

imposed condit ion s 0 ’ the “s ol id contact ” Occ urr ing during impact.

ie~~ .’ ratureS occasi oned at and near the wear interface are known to

be high (at Ie~st o~ the order of 800~C). Labora tory attempts to accut~e tel y

measure these ‘, j r ’ n - ”  t e ’ ” pe rnt u ’ u s , 111 S i tu  under conditions of repetitive

-.“ conta t , art - cent inui n g . ~ei s s a d i’ n u l t ta d . These surface

t e~- i e v u t u r t ’S are l ea rh  O~ - O f v S i d - t at -li ’ 1 i’i; - - r t v t i  ~
- in t ’stabl ishing near

s , ’ ace mater i - i l :onv - -, , and a n~-~~~ t ’ . -o ~~. I y a Strong I u’ - t ion of imposed

re 1 - n ! ~~
.‘ cli d i r  - ; -

~ 
c’ b c  i !, . ‘hu 5 - ;  101 ’ ~~1! i ve l ~ It ‘s ci ear that both stress

- .t ’ IS ~t ’ - -~ -.t bn - i (~ ‘I - 4 -  ~v ’ nit • . t t - r n a l  -. , , r n - n t - l e s  in inpa( t wear processes .

S.t’ ~ , r ’ ,l .- V v )
~ d m l  - ‘ 1 -  1 - t v - - i t  i i i  of the tire observed by Suh and

others ‘-or sl i j i n - ~ A C - t i  i s oc~ asi o n alli observed in subsurface secti ons

f s;,’ i~~ ’flS •- ~,in t-e. -n Sct ’i v C? t i ’ ’ ;  - m- t w ’’ir. If a delamination process

i - , i ~rr in g  in  i~~ jct we n ’ - , i t is ‘,,‘rv in - i to separate Zone 3 material from

n.’ 2. ~hv’ r~ o r e , a c omp • t ~ in- - • - rt 1)” of the im p act wear process must

i ncI~ d.’ -in e labora t io n  ‘~ “w’ h i n icm ’  ~ fo rmation of near-surface material

l a - ,’~r s .

I
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Ana~~ji cal

Dur ing the third phase of our work the effort was directed toward three

goa l s:

(1) completion of the anal ysis of the controlled impact of a one-dimensional ,

homogeneous , fini te elastic rod upon an elastic half-space ,

(2) continuation of the ana lysis of the static mode) of the controlled

impact of a three-dimensiona l elastic cy l inder on a moving, rough ,

rigid surface,

(3) initiation of the anal ysis of the impact of a three-dimensional

elast ic cylinder (propagation of stress waves taken into account) on

a moving , rou gh , ri gi d surf ace .

As was described elsewhere {~
‘) ana l vs is if the rod was a preliminary work de-

signed to investi gate procedures useful when considering the more realistic

three-dimens ional de scription of the problem of controlled impact, as well as

to acquire a be t te r  unders ’ - m d  I riq i ’ t h,- mec Pnan iv a) behav i or of a system under

()n li ti nn s of -on t r o l led impdC !

The results of ‘P is inve st i~ a! ion have t v -t n presented (see abstract [14])

and pub ln-~h.’1 [15).

A~ reported earlier (21 it was found that the ax ial stress at any point

of the ro t results tr ite three components: 1) a st ress wave proportional to

the ve loc ity ~ f the impact and c omposed t o two rectanqular waves propagating

from the striking end and from the far end; 2) a stress wave .,~nerated by the

signal f(t), i .e., the r on t ro lbe d  displacemen t of the far end; 3) a stress

wave resulting from the e las t ic  f lex ib i l it y  of the support.

For the final vers ion of this analysis the original attempt of inverting

the Laplace transform of the unknown disp lacement was abandoned. Instead,

in order to simplif y the procedure . (awn ’s response function (16) was approxi-

mated by a bilinear function (as explained in (15)). This time the inversion



- - -- -~~~~~—---- ~~~~~~~~- -
~~~

--
~~~~~~~~~

- -

- 12-

of the Laplace transform did not present unmanageable difficu lties , and the

numerical results have confirmed the intuitive expectation that the flexibility

of the half-space has a moderating influence on both the displacements and

the stresses.

(2) In this part of the project it is attempted to find the effect of friction

~n the stress d istr ibution of an elast i c , circular cylinder pressed against

a moving , s ing le , ri gid surface [17). This is a quasi-static approximation

of the dynamic problem of the controlled Impact o~ the cy l inder on a moving ,

rough , rigi d surface. The presence at the lower end of shear stresses du~ to

friction destroys the axial syninetry of the problem , thus introducing considerable

add itional difficulties , Partial uncouplin g of Navier ’s equations in the

polar coordinat e system was achieved by using the Papkovich-Neuber functions.

Consequent application of double finite b o n er transformations with respect

to the angular and axi al vari ables resulted in complete uncoupling of the

transformed differential equations. Applica ti on of the boundary conditions

at the stress-free latera l surface of the cylinder and of the conditions at

i ts flat ends leads , after numerous, extreme l y cumbersome rearrangements to a

system of coupled integra l equations with respect to the transforms of the

shear stresses at the fiat ends. This system is being solved by the method

of collocation . However, since th~ upper surface of the cyl i nder is prevented

from undergoing in-plane displacements and the adjacent latera l surface is

stress-free , a singularity results at the edge of the upper surface

[18). This causes additional difficulties which are overcome by dividing

each of the unknown discontinuous functions into two parts : a) a regular

part , b) a singular part in which the strength of the singularity is known

but the intensity Is unknown. This part of the work Is nearing completion. 

~~~ - -- -_-~~ 
—‘

~~
--. 
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(3) The an a lvs i - , ot  the controlled in~ act of the cy l inde r on the moving rough ,

ri g id surface is .inalogous to the ana lys i s  of quasi-static problem. Obvious ly,

though , the tiny -dependence’ makes the problem more di ff i cu l t .  The Laplace

t rans fo rm wa~ used in orde r to e l imina te  the t ine var iable .  Uncoupling was

achieve d , in the dymunica l p roblem , by moans of the Lane potentials . The

~ - iEile f i n i t e  Fourier t r~uic fo rm was en~iloved to ci imin a te  the dependence on

the angular and axial  v :ir iah ie s . The appl i ca t ion  of the avai lable  bounda ry

cond i t i on .’. w i l l  r esul t  in a coupled sy stem of in t e g ra l equations . Their

~~1ut ion wi  11 po-~e the addi t ional  d i f f i c u l t y  of invert  lug the Laplace t r ari s—

nna t ion . I t  I hopt’d hat the procedu re recen t lv suggested by Talbot [ 19]

w i l l  he of help in this matter.
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EXTENDED CYCLE TESTING
TITANIUM ALLOY RMI 5522S
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SURFACE STABILIZATION EXPERIMENT
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ENERGY DISPERSIVE X-RAY RESULTS
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MATERIAL TRANSPORT ANALYSIS
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INSTITUT E OF MATERIALS SCIENCE

The Institute of Materials Sctence was established at The
University of Connecticut in 1966 in order to promote the

I various fields of materials wience. To this end , the State of
Connecticut appropriated S5.000.000 10 set up new labora
toiy facilities, including appro xi mately S2,150.000 for scien

I t if.c equipment. In add it io n, an annual budget of several
hundred thousand dol lars is provided by the State Legislature
to support faculty and graduate student salaries, supplies and

I commodities, and supporting facilities such as various shops .
technicians, secretaries, etc .

IMS fosters interdisciplinary graduate programs on the
I 

Storrsc~mpus and at present is supporting five such programs
in Alloy Physics. Biomaterials, Crystal Science, Metallurgy.
and Polymer Science. These programs are directed toward

I 
training graduate students while advancing the frontiers of
our knowledge in technically important areas.
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